The sequence-specific RNA-binding proteins SRp20 and 9G8 are the smallest members of the serine-and arginine-rich (SR) protein family, well known for their role in splicing. They also play a role in mRNA export, in particular of histone mRNAs. We present the solution structures of the free 9G8 and SRp20 RNA recognition motifs (RRMs) and of SRp20 RRM in complex with the RNA sequence 5 0 CAUC3 0 . The SRp20-RNA structure reveals that although all 4 nt are contacted by the RRM, only the 5 0 cytosine is primarily recognized in a specific way. This might explain the numerous consensus sequences found by SELEX (systematic evolution of ligands by exponential enrichment) for the RRM of 9G8 and SRp20. Furthermore, we identify a short arginine-rich peptide adjacent to the SRp20 and 9G8 RRMs, which does not contact RNA but is necessary and sufficient for interaction with the export factor Tip-associated protein (TAP). Together, these results provide a molecular description for mRNA and TAP recognition by SRp20 and 9G8.
Introduction
The family of serine-and arginine-rich (SR) proteins has long been identified as key regulators of alternative splicing (Fu, 1995; Bourgeois et al, 2004) . They also play a role in other stages in the gene expression pathway, including mRNA stability (Zhang and Krainer, 2004) and translation (Sanford et al, 2004) , and recently three SR proteins, namely SRp20, 9G8 and ASF/SF2, were shown to function as mRNA export factors (Huang and Steitz, 2001; Huang et al, 2003) . SRp20 and 9G8 are the smallest members of the SR protein family (Zahler et al, 1992; Cavaloc et al, 1994) , with a single N-terminal RNA recognition motif (RRM), which is 80% identical between the two proteins. In SRp20, the SR-rich domain immediately follows the RRMs, whereas in 9G8, a zinc-knuckle is present between the RRM and the SR domain. The zinc-knuckle modifies the RNA-binding specificity of 9G8 compared to SRp20, as 9G8 binds a purine-rich sequence AGAC(G/U)ACGA(C/U), whereas SRp20 or 9G8 lacking the zinc-knuckle binds a pyrimidine-rich sequence with a consensus (A/U)C(A/U)(A/U)C (Heinrichs and Baker, 1995; Cavaloc et al, 1999) . These consensus sequences identified in vitro closely match several naturally occurring pre-mRNA sequences bound in vivo by 9G8 and SRp20. These include the Drosophila doublesex gene (dsx) (Heinrichs and Baker, 1995; Lynch and Maniatis, 1996) , CD44 alternative exon v9 (Galiana-Arnoux et al, 2003) , SRp20 exon 4 (Jumaa and Nielsen, 2000) , calcitonin/caltonin gene-related peptide (Lou et al, 1998) and probably many other exonic sequences where these consensus sequences serve as exonic splicing enhancers (Schaal and Maniatis, 1999; Fairbrother et al, 2002) . In addition, the consensus sequences for both proteins are found within a 22 nt RNA element of the histone H2A mRNA. In this context, both 9G8 and SRp20 bind histone H2A mRNA and may individually or together promote its nucleocytoplasmic export through their ability to interact with the Tip-associated protein (TAP) mRNA export factor (Huang et al, 2003) .
Despite being studied intensely since their discovery 14 years ago, there are no published structures for canonical SR proteins. This may in part be explained not only by the poor solubility of these proteins in their free state, but also by the degenerate RNA-binding sequences recognized by SR proteins, which may have prevented their study in the bound form. We have surmounted the solubility problem for the RRM of SRp20 and 9G8 by studying the proteins either fused with the immunoglobulin G-binding domain 1 of Streptococcal protein G (GB1) solubility tag (Zhou et al, 2001) or in a solution containing charged amino acids (aa) (Golovanov et al, 2004) . This allowed us to determine the structures of the free 9G8 and SRp20 RRMs and of SRp20 RRM in complex with the RNA sequence CAUC using NMR spectroscopy. These represent the first structures for canonical SR proteins, which play a vital role in eukaryotic gene expression. The b-sheet of their RRMs is very hydrophobic with two phenylalanines, a tyrosine, an alanine and a tryptophan exposed on its surface. The RRM b-sheet surface of SRp20 is used to bind all 4 nt of the CAUC sequence in a semisequence-specific manner with only the 5 0 cytosine recognized specifically by the RRM. We have also identified a short arginine-rich peptide C-terminal of the RRM in 9G8 and SRp20, which interacts with TAP but not with the RNA. Altogether, these data provide the first molecular details of mRNA and TAP recognition by canonical SR proteins.
Results

Solution structures of 9G8 and SRp20 RRMs
A fragment consisting of aa 12-98 of 9G8 ( Figure 1A ) was used for structural studies, which includes the RRM domain and a C-terminal arginine-rich region situated just before the zinc-knuckle (Cavaloc et al, 1999) . This fragment has good expression and solubility properties in a buffer containing L-Arg and L-Glu (Golovanov et al, 2004) ; however, without these additives, its solubility was 10 times less. Moreover, this fragment retains RNA-and TAP-binding properties, and thus is functionally competent. The solution structure of the 9G8 fragment was calculated based on 951 non-trivial NOEderived interproton distance constraints, 68 hydrogen bond and 119 dihedral angle restraints. The RRM domain structure was determined with high precision (pairwise RMSD for the 20 conformers of the final ensemble are 0.58 and 1.51 Å for the backbone and heavy atoms, respectively; Table I and Figure 1B ). The RRM of 9G8 adopts the classical babbab topology with two a-helices packed against one side of the four-stranded b-sheet (Maris et al, 2005) . The RRM presents an unusually large hydrophobic core on the b-sheet surface, which is composed of Tyr 14 (b1), Phe 51 and Phe 49 (b3), and Trp 41 and Ala 43 (b2) ( Figure 1C and D) . The conformation of the a2-b4 loop is relatively well defined, as the tip of the loop forms a number of hydrophobic contacts (involving side chains of Ile 72, Cys 73, Ser 75) with the adjacent b-sheet, thus protruding into the cleft between the two a-helices. The conformation of the b1-a1 and b2-b3 loops is less well defined, which is not uncommon for solution structures of RRMs. The narrow signal linewidth and small chemical shift dispersion observed in the 1 H-15 N-correlated (HSQC) NMR spectrum reveal that the C-terminal argininerich region, required for TAP binding ( Figure 1A and below), is unstructured and highly flexible.
We have also determined the structure of the SRp20 RRM. To overcome solubility problems, we fused the RRM domain (aa 1-86) of human SRp20 to the 58-aa GB1 solubility tag (Zhou et al, 2001) . The structure of GB1-SRp20 RRM was calculated following the assignment of 1832 NOE cross-peaks including 690 constraints for the RRM only. This resulted in an RRM structure with a pairwise RMSD for the 19 conformers of the ensemble of 1.24 and 2.12 Å for the backbone and heavy atoms, respectively (Table II and Figure 1E ). The RRM of SRp20 adopts the expected babbab topology (Maris et al, 2005) and a structure very similar to free 9G8 (Figure 1 ). The only structural difference resides in the loops between a-helix 2 and b4, where several amino-acid changes are found between the two proteins ( Figure 1A ).
Solution structure of SRp20 RRM in complex with CAUC To understand the molecular basis for RNA recognition by the SRp20 RRM, we studied its interaction with a large number of RNA oligonucleotides using NMR spectroscopy. The RNAs were 3-8 nt long and corresponded to several natural binding sequences for SRp20 (Lou et al, 1998; Huang and Steitz, 2001 ) and consensus sequences identified by in vitro (Cavaloc et al, 1999) or in vivo systematic evolution of ligands by exponential enrichment (SELEX) (Schaal and Maniatis, 1999; Supplementary Table 1) . For all RNAs containing a CUUC or a CAUC sequence within an RNA length of 5 nt or above, we obtained remarkably similar 1 H-15 N HSQC spectra with several large shifts compared to the free protein spectrum and a good linewidth ( Figure 2A and Supplementary Figure 1) . These shifts indicate that the RNA binds the b-sheet surface of the RRM ( Figure 2B ). However, in the NMR spectra of these complexes, the resonance lines of the RNA aromatic protons were either very broad or absent (i.e. broadened beyond detection). Such line broadening is frequent in protein-nucleic acid complexes and originates from exchange between different conformations at the interface. This broadening makes structure determination of the RNA in complex impossible under these conditions. With an RNA of only 4 nt (CUUC or CAUC), binding is still observed but the affinity is decreased, as indicated by a smaller chemical shift difference between the free and bound form of the protein at a 1:1 ratio compared to larger RNA (Supplementary Figure 2) . Nevertheless, in these complexes, the RNA resonances now become observable, and changes in chemical shifts upon binding indicate that all 4 nt appear to bind the protein ( Figure 2C ). As the complex is in fast exchange, the RNA resonance linewidths are averaged between the sharp linewidths of the free state and the broader ones of the bound state. It was only in such conditions that structure determination was possible as both the protein and RNA resonances presented good linewidths. Similar results were obtained for the RRM of 9G8 (aa 1-104) in complex with RNA, confirming that the highly related RRM binds RNA in the same manner (compare Figure 2A and D) . We therefore pursued the structure determination of SRp20 RRM in complex with CAUC.
The structure of the SRp20 RRM:CAUC complex was calculated following the assignment of 2173 NOE crosspeaks, including 40 intermolecular ones. This resulted in a structure with a pairwise RMSD for the 29 conformers of the ensemble of 1.21 and 2.06 Å for the backbone and heavy atoms, respectively (Table II and Figure 3A ). Within the RRM:CAUC complex, the RRM adopts the same structure as the free protein with the same differences compared to 9G8 (Figure 1 ). In the complex, the RNA completely covers the unusually large hydrophobic surface of the b-sheet of the RRM with each of the four bases contacting one of the four aromatic residues. This extensive hydrophobic interaction surface explains most of the affinity of the RNA for the protein (E18 mM; Supplementary Figure 3) . Here, C1 and A2 stack on the conserved RNP2 (Y13 in b1) and RNP1 (F50 in b3) aromatic side chains, respectively, and the RNP1 residue F48 (b3) inserts between the sugar rings of C1 and A2 (Figure 3B and C) . This binding mode is common to almost all RRM-RNA complexes (Maris et al, 2005) , although here A2 adopts an unusual syn conformation that was previously observed only for guanine in this position (Maris et al, 2005; Auweter et al, 2006) . The conformation of U3 and C4 is more unusual, as U3 is bulged out whereas C4 stacks partially over A2. U3 interacts with Phe 48 (b3), Trp 40, Ala 42 (both b2) and with the b2-b3 loop of the RRM, whereas C4 is maintained in this position by a hydrogen bond between C4 amino and A2 2 0 oxygen ( Figure 3C ). 
SRp20 RRM recognizes CAUC sequence specifically but only partially
Considering the different SELEX consensus sequences obtained for SRp20 RRM, C-A/U-A/U-C emerges as the core binding sequence (Cavaloc et al, 1999; Schaal and Maniatis, 1999) . Our structure confirms that 4 nt can be accommodated on the b-sheet surface of the RRM, but the recognition appears only partially sequence specific. C1 is clearly recognized specifically by the RRM, whereas the selective recognition of C4 is less evident from the structure. Indeed, four intermolecular hydrogen bonds mediate the recognition of C1 ( Figure 3C and D). The C1 amino protons are hydrogenbonded with Leu 80 backbone carbonyl oxygen and Glu 79 side-chain carboxyl oxygen, C1 N3 is hydrogen-bonded with Asn 82 amide and finally C1 O2 is hydrogen-bonded with Ser 81 hydroxyl ( Figure 3C and D). For C4, Lys 11 (b1) is found close to the base in some conformers, which could explain a preference for cytosine in this position via contacts to C4 O2 and N3 ( Figure 3C ), but the severe line broadenings of the resonances for this side chain prevent its accurate positioning. The sequence-specific recognition of C1 was independently confirmed by binding measurements of SRp20 with GAUC, which has approximately 10-fold lower affinity than CAUC (Supplementary Figure 3) .
On the basis of the consensus recognition sequence for SRp20, one would not expect perfect sequence-specific recognition for A2 and U3 and the structure is consistent with this. Two hydrogen bonds stabilize A2 (one between its amino proton and Ser 81 hydroxyl oxygen and another between its H2 and C1 2 0 hydroxyl oxygen; Figure 3C ) and these contacts partially explain why an adenine is preferred at this second position over a guanine, but we found no interacting side chains in the protein that could favor the adenine over a uracil or a cytosine. For U3, although one hydrogen bond stabilizes U3 (between its O2 and Asn 44 amino; Figure 3D ), any nucleotide could be accommodated in this binding pocket with the same contact (involving O2 for a cytosine and N3 for a guanine or an adenine). Thus, the structure supports earlier findings indicating that SRp20-RNA recognition is only semi-sequence-specific (Cavaloc et al, 1999; Schaal and Maniatis, 1999) .
A short peptide C-terminal of the RRM provides a binding site for TAP in SRp20 and 9G8 Having defined the regions of SRp20 responsible for binding RNA, we next sought to identify how SRp20 binds the TAP mRNA export factor. Previous work has shown that aa 1-105 for 9G8, including the RRM and flanking sequences, were sufficient to support the interaction. However, the regions of SRp20 responsible for interaction with TAP were not defined (Huang et al, 2003) . We used a glutathione S-transferase (GST)-TAP/p15 fusion protein immobilized on glutathione Sepharose beads together with radiolabeled SRp20 truncations in a pull-down binding assay to define the regions of SRp20 required for interaction with TAP. We found that fulllength SRp20 bound GST-TAP/p15 beads efficiently in this assay, whereas the RRM did not, suggesting that the TAP-and RNA-binding sites on SRp20 were distinct ( Figure 4A and B). The presence of a short arginine-rich peptide adjacent to the RRM of SRp20 restored the interaction with GST-TAP/p15 beads to the same levels seen with full-length SRp20 ( Figure  4B , lanes 1 and 3), indicating that this motif was important for TAP interactions. Within this motif, the arginines stood out, as the TAP-binding domain in the REF2-I mRNA export adaptor is arginine rich (Rodrigues et al, 2001) . A single mutation to glutamate of each of these arginines in SRp20 completely prevented TAP binding, demonstrating their importance for this interaction ( Figure 4B ). To confirm that the potential TAP-binding motif functioned in isolation, we fused it to GST and found that it bound TAP-p15 efficiently in a pull-down assay ( Figure 4C ).
A similar analysis was undertaken with 9G8 and it was shown that a short arginine-rich peptide (aa 81-98), which lies between the RRM and the zinc-knuckle, was sufficient for interaction with TAP-p15 ( Figure 4D -F). Within this sequence, the arginine dipeptides at positions 87, 88 and 97, 98 were required for the interaction, whereas Arg 90, 93 were not. These data indicate that 9G8 and SRp20 harbor a TAP-binding motif, which consists of an arginine-rich peptide, which from the NMR analysis, appears flexible and is tightly juxtaposed with their RRMs.
To confirm the functional importance of the TAP-binding motif, firstly we tested the ability of full-length SRp20 and a mutant form (R88E) to interact with TAP by co-immunoprecipitation ( Figure 5A ), using extracts from transiently transfected human 293T cells treated with ribonuclease A and alkaline phosphatase. Whereas wild-type SRp20 bound TAP efficiently, the R88E point mutation in the TAP-binding motif completely abrogated binding. These data indicate that the extensive arginine-serine-rich domain C-terminal of the TAPbinding motif cannot substitute for this motif in supporting TAP interactions. Secondly, we used a tethered mRNA export assay to test whether the TAP-binding motif in SRp20 was a transferable signal. This assay is based on the nuclear export of an unspliced reporter RNA artificially tethered to an export factor by the bacteriophage MS2 RNA-binding coat protein (MS2) and operator RNA sequences ( Figure 5B ). The reporter RNA contains luciferase within an inefficiently spliced intron derived from HIV-1. The spliced RNA, which is exported normally, loses the luciferase gene and does not lead to luciferase expression. The unspliced RNA containing the luciferase gene is normally actively retained in the nucleus. However, the direct tethering of an mRNA export factor via the MS2 coat protein/operator can override nuclear retention, leading to export of the unspliced RNA, which in turn is translated giving rise to luciferase activity, thus providing an assay for mRNA export (Wiegand et al, 2003; Williams et al, 2005) . The expression levels for all MS2 fusions were tested by Western blotting and found to be equivalent except the REF2-I RRM and SRp20-REF2-I-RRM chimera, which consistently gave low expression levels ( Figure 5C ). Nuclear staining was also observed for all MS2 fusions by indirect immunofluorescence (not shown). When full-length REF2-I is tethered to an unspliced mRNA, it promotes export of that RNA, presumably by recruiting TAP, whose direct tethering leads to significantly greater export (Wiegand et al, 2003) ( Figure 5D ). However, the REF2-I RRM, lacking the N-and C-terminal TAP-binding sites (Rodrigues et al, 2001 ), does not function in this assay. MS2-SRp20 (aa 1-90) is also nonfunctional in this assay ( Figure 5D ; Huang et al, 2004) . Normally, SRp20 is phosphorylated on serines in the cytoplasm and binds to TAP alone once it has been dephosphorylated during nuclear splicing (Huang et al, 2004; Lai and Tarn, 2004) . As MS2-SRp20 (aa 1-90) retains a serine near its C-terminus, it may be phosphorylated in vivo. As an MS2 fusion protein, it will directly bind the pre-mRNA, whose export is being monitored, thus bypassing splicing-dependent dephosphorylation, which may render it incapable of binding TAP. This may explain why it is unable to promote the export of the unspliced reporter RNA. In contrast, a chimera between the TAP-binding motif from SRp20 and the REF RRM was functional, despite poor expression of the chimeric protein ( Figure 5C ). This indicates that even low steadystate levels of a functional export adaptor can promote export in this assay; thus, the REF2-I RRM, whose expression was also poor, most likely does not function as it lacks TAP-binding sites. The ability of the REF2-I-SRp20 chimera to promote export suggests that it is not recognized as a substrate by SR protein kinases and evades serine phosphorylation. Together, these data indicate that the TAP-binding motif of SRp20 is transferable and can stimulate mRNA export in vivo in the context of a chimera with a defective REF2-I. 
Discussion
Structure of SR proteins: a technical challenge
The SR proteins have been an elusive structural target for many years, probably owing in part to their intrinsic insolubility. By overcoming the solubility problems, either by fusing the RRM to the solubility tag GB1 (Zhou et al, 2001) or by studying it in the presence of charged amino acids (Golovanov et al, 2004 ) (see Materials and methods), we provide the first molecular structures for this important class of proteins. The structures of 9G8 and SRp20 RRMs revealed an unusually large exposed hydrophobic surface ( Figure 1B) , which can partly explain the low solubility of these RRMs. Studying SRp20 RRM in complex with RNA presented additional technical challenges. Although it was well established that SRp20 is a sequence-specific RNA-binding protein, like most SR proteins, it binds a degenerate RNA consensus sequence, making target sequence choices difficult (Tacke and Manley, 1999; Bourgeois et al, 2004) . In this context, 13 different sequences, ranging in size from three to 8 nt, covering the different consensus sequences established for SRp20 (Supplementary Table S1 ), were tested. With RNA sequences of 5 nt or above, the binding affinity is higher ( Supplementary  Figure 2) , but the RNAs experience severe line broadening originating from conformational exchange at the interface and, for long RNA sequences, from exchange between multiple binding registers when more than one cytosine is present in the sequence. On decreasing the RNA length to 4 nt and using the CAUC sequence, the affinity decreases, but the RNA resonances become observable, making it possible to determine the structure of the complex. This approach is similar to the one we used to study the four RRMs of polypyrimidine- tract-binding protein (PTB) in complex with RNA, where decreasing the size of the RNA at the expense of affinity was necessary to solve the structures (Oberstrass et al, 2005 ).
An unusual RNA-binding mode CAUC binding to SRp20 has similarities to other RRM-RNA complexes and also striking differences. Indeed, C1 is recognized in an almost identical manner in the four RRMs of PTB in complex with CUCUCU, except that the hydrogen bond between C1 amino and Glu 79 in SRp20 is replaced by an RNA intramolecular hydrogen bond with the preceding uracil in PTB (Oberstrass et al, 2005) . Binding of the 3 0 AUC is more unusual, as the interaction is not sequence specific and the topology of the bound RNA is unusual. For example, A2 ( 1 2 − 8 0 ) 9 G 8 ( 1 2 − 9 8 ) 9 G 8 ( 1 2 − 9 8 R 8 7 / 8 8 E )
9 G 8 ( 1 − 1 2 2 ) 9 G 8 9 G 8 ( 1 2 − 9 8 R 9 0 E ) 9 G 8 ( 1 2 − 9 8 R 9 3 E ) 9 G 8 ( 1 2 − 9 8 R 9 7 / 9 8 E ) 9 G 8 ( 1 2 − 8 0 ) 9 G 8 ( 1 2 − 9 8 ) 9 G 8 ( 1 2 − 9 8 R 8 7 / 8 8 E )
9 G 8 ( 1 − 1 2 2 ) 9 G 8 9 G 8 ( 1 2 − 9 8 R 9 0 E ) 9 G 8 ( 1 2 − 9 8 R 9 3 E ) 9 G 8 ( 1 2 − 9 8 R 9 7 / 9 8 E ) 9 G 8 9 G 8 ( 1 2 − 8 0 ) 9 G 8 ( 1 2 − 9 8 ) 9 G 8 ( 1 2 − 9 8 R 8 7 / 8 8 E )
9 G 8 ( 1 − 1 2 2 ) 9 G 8 9 G 8 ( 1 2 − 9 8 R 9 0 E ) 9 G 8 ( 1 2 − 9 8 R 9 3 E ) 9 G 8 ( 1 2 − 9 8 R 9 7 / 9 8 E ) 5) were immobilized on glutathione beads and purified TAP-p15 expressed in E. coli was added to the reactions. Eluted proteins were analyzed by SDS-PAGE stained with Coomassie blue. Amino acids encoded by constructs used in all pull-down assays are shown in brackets after the protein name. adopts a syn conformation, which is unprecedented in RRM-RNA complexes (Maris et al, 2005) . Similarly, the positioning of U3 and C4 is unusual compared with other RRM-RNA complexes. In the ones solved to date, the residue equivalent to U3 would either stack over the preceding one (A2) or interact with the b2 strand (Maris et al, 2005) . Here, it is C4 and not U3 that stacks partially over A2, whereas U3 is flipped out ( Figure 3C ). Furthermore, neither A2 nor U3 is recognized specifically, whereas C4 may be recognized by Lys 11. Such semi-sequence-specific binding is consistent with the degenerate consensus RNA-binding sequence found previously by in vitro and in vivo methods for SRp20 (Cavaloc et al, 1999; Schaal and Maniatis, 1999) . This mode of RNA binding is likely to be conserved in the 9G8 RRM, as binding of the RNA leads to chemical shift changes similar to those seen for the SRp20 RRM (Figure 2) . The same should be true for the Drosophila RBP1, as all the amino acids whose side chain interacts with the RNA are conserved compared to SRp20 ( Figure 1A) . However, for 9G8, the specificity of full-length protein is modulated by the zincknuckle in SELEX experiments; therefore, 9G8 probably associates with different mRNA sequences in vivo (Cavaloc et al, 1999) .
This semi-specific mode of RNA binding is very unusual compared to other alternative-splicing factors (e.g. Fox-1 (Auweter et al, 2006) , hnRNPA1 (Ding et al, 1999) , Sex-lethal (Handa et al, 1999) or Nova-1 (Lewis et al, 2000) ), which recognize their RNA targets with high sequence specificity. The mode of binding for SRp20 most closely resembles that for PTB, where each of the four RRMs recognizes short pyrimidine tracts (3-5 nt) with weak affinity and in a semisequence-specific manner (Oberstrass et al, 2005) .
Implication for RNA splicing and export of histone mRNAs
The structure of the SRp20 RRM:CAUC complex helps rationalize the basis of the partial sequence selectivity of SRp20 and SR proteins in general (Bourgeois et al, 2004) . The structure and affinity measurements (Supplementary Figure  3) revealed that C1 in particular is sequence-specifically recognized. This recognition is functionally essential, as a C to G mutation in the first cytosine of the CAUC sequence within the histone mRNA can impair RNA export (Huang and Steitz, 2001 ). Yet, having degenerate specificity offers multiple functional advantages. More RNA sequences can be targeted and there is less evolutionary pressure on the bound RNA, which is ideal for exonic sequences. Considering the weak binding affinity of SRp20, the protein can associate and dissociate more easily from the RNA, which is an important physical property in the context of the highly dynamic RNA metabolism processes that involve SRp20 (Bourgeois et al, 2004) . Furthermore, RNA-binding affinity can be modulated by protein-protein interactions that are themselves dependent on the level of phosphoryla- ( 1 − 9 0 ) tion of the interacting proteins. This regulated RNA-binding mode can then be used for fine-tuning post-transcriptional gene expression (Singh and Valcarcel, 2005) . As for the role of SRp20 in mRNA export, our structure of the complex and the identification of the regions in SRp20 and 9G8 interacting with TAP provide the first molecular insight into how these proteins mediate mRNA export. From the SRp20:RNA structure, we see that the region C-terminal of the RRM (after G84 in 9G8 and G83 in SRp20) is not involved in RNA binding and is free to interact with TAP and promote the export of histone and other mRNAs containing SRp20-and 9G8-binding sites. The short TAP-binding motif present in SRp20 is conserved in Drosophila RBP1 but shares little in common with 9G8 except that they have multiple arginine residues and they are adjacent to the RRM ( Figure 1A) . The spacing of the essential arginines does not appear to be vital, as it differs in both proteins, but given that the peptides are flexible, they are likely to be able to fit into a common binding site on TAP.
Earlier studies showed that a fragment from the 9G8 RRM (aa 13-63), lacking the TAP-binding motif, could compete for interaction between 9G8 (aa 1-123) and TAP, implying TAP bound the RRM; however, these studies required a 100 molar excess of peptide for competition in vitro, implying weak binding to the RRM (Huang et al, 2003) . Moreover, the control peptide and proteins used had a mutation in Phe 54, which, as revealed by our structure, would disrupt the hydrophobic core of the RRM and almost certainly disrupt folding, no doubt preventing the weak interactions observed with the wild-type peptide. At physiological salt concentrations, we fail to see any interaction between the 9G8 RRM and TAP ( Figure 4B ) and see only a very weak interaction in less chaotropic buffers (potassium acetate versus sodium chloride; not shown). However, both SRp20 and 9G8 RRMs with the intact C-terminal TAP-binding motif do interact slightly more efficiently with TAP than the isolated C-terminal motif ( Figure 4C and F) , consistent with the RRMs providing a minor contribution to the TAP interaction. Nevertheless, the failure of SRp20 R88E to co-immunoprecipitate with TAP, together with the ability of the isolated C-terminal argininerich peptides to bind TAP well, in contrast to the isolated RRMs, indicates that these short C-terminal peptides provide the major contribution to the interaction.
It is not clear at present why the many arginines present in the C-terminal RS domains of 9G8 and SRp20 could not also recruit TAP. In this context, weak interactions between TAP and the SR protein RRMs might assist in selection of the arginine-rich TAP-binding motif juxtaposed with the RRMs. As hyperphosphorylated SR proteins do not bind TAP (Huang et al, 2004; Lai and Tarn, 2004) , it is tempting to speculate that negatively charged phosphoserines associate with the arginines in the TAP-binding motif to block their interaction with TAP. Altogether, our work provides a detailed role for two domains identified in the adaptor proteins SRp20 and 9G8 in the export of specific RNAs such as histone mRNAs. The role of the RRM is to target specific RNAs and the role of the small peptide C-terminal to the RRM is to help recruit TAP. The two events appear independent, as the RRM can bind RNA on its own and the TAP-binding motif binds TAP independently of RNA. Yet, the small spatial proximity of the two domains is intriguing and could suggest a possible coupling between the two events.
Materials and methods
Cloning, expression and purification of 9G8 and SRp20 RRM domains The DNA encoding aa 12-98 from human 9G8 was amplified by PCR from cDNA clone MGC22746 and subcloned into a modified pET24b containing a protease cleavage site. The DNA encoding the RRM domain (aa 1-86) of human SRp20 was subcloned into pET30a þ containing the 58-aa GB1 solubility tag (Zhou et al, 2001) followed by a 6xHis tag. 9G8 RRM (aa 1-104) was also subcloned fused to GB1 into a pET30aþ vector. 9G8 RRM was expressed in Escherichia coli BL21(DE3)RP, GB1-SRp20 RRM was expressed in E. coli BL21(DE3) C þ RIL and GB1-9G8 RRM was expressed in E. coli BL21(DE3) pLysS. For labeled samples, expression was carried out in M9 media containing 15 N ammonium chloride and 13 C glucose. 9G8 was purified using cobalt affinity chromatography, then dialyzed against 9G8 NMR buffer (20 mM sodium acetate pH 5.5, 50 mM NaCl, 25 mM L-arginine, 50 mM L-glutamic acid, 5 mM EDTA and 10 mM DTT) and subsequently concentrated to 0.6 mM, as determined by Bradford assay. The Arg/Glu addition (Golovanov et al, 2004) was essential for concentration of 9G8 to 0.6 mM. GB1-SRp20 RRM was purified by three successive nickel affinity chromatography (Qiagen) steps in the presence of protease inhibitor cocktail (Sigma). The protein was dialyzed against 50 mM sodium dihydrogenophosphate pH 6.4 and 1 mM DTT and concentrated to 1 mM as measured by UV spectroscopy at 274 nm in 6 M guanidium hydrochloride. The absence of RNases was confirmed by the RNase Alert Lab Kit (Ambion). The GB1-9G8 RRM was purified by two steps of cation exchange chromatography, dialyzed against 10 mM sodium dihydrogenophosphate pH 7, 175 mM NaCl and 2 mM b-mercaptoethanol and concentrated to 1 mM.
Complex formation with RNA and NMR spectroscopy
The RNAs used were purchased from Dharmacon, deprotected and desalted on a G15 column and then lyophilized and dissolved in 50 mM Na-phosphate at pH 6.4. RNA concentration was measured by UV spectroscopy at 260 nm. To identify the RNA-binding surface of SRp20 RRM and measure the dissociation constant, a titration of the protein was performed. The titration was carried out in at least three steps for complex formation and in 9-11 steps for affinity measurements ( Supplementary Figures 2 and 3 ). All steps were monitored by [ 1 H, 15 N] HSQC spectra at 421C. Dissociation constant (K d ) could be evaluated by using the program CRVFIT (R Boyko and BD Sykes, University of Alberta, Edmonton, Canada). For all RNAs tested with 5 nt or more (except UUCAC), saturation was reached at a 1:1 molar ratio of protein:RNA, whereas with short RNAs, saturation was reached only with an excess of RNA. The titrations indicate that the protein is in fast to intermediate exchange relative to the NMR time-scale. The SRp20RRM-CAUC complex for NMR measurement was prepared at a 1:1 stochiometric ratio of protein:RNA and studied at a concentration of 1 mM in 50 mM sodium dihydrogenophosphate pH 6.4. Studies with the GB1-9G8 construct in complex with RNA were carried out under the same condition as with the GB1-SRp20 construct.
NMR spectroscopy and resonance assignments of free SRp20 and in complex with CAUC Owing to improvement of spectral linewidths at higher temperature (Supplementary Figure 4) , NMR spectra of the free SRp20 RRM and of the CAUC complex were recorded at 42 and 461C on Bruker DRX 500 (with a cryoprobe), DRX 600 or Avance 900 MHz spectrometers. All the spectra of the free GB1-SRp20 RRM were recorded on a 0.6 mM sample containing a mutation (E65D) that does not affect the structure of the protein.
The backbone resonance assignments of free and bound SRp20 RRM were achieved using several 3D triple resonance experiments (Bax and Grzesiek, 1993) The bound RNA resonances were initially assigned using a combination of through-space and through-bond NMR experiments (Varani et al, 1996) and later confirmed with 13 C-labeled RNA with a labeled sugar that was made by chemical synthesis (Wenter et al, 2006) . The sugar ring conformation of all four RNA nucleotides is C2 0 -endo, as identified in the 2D homonuclear TOCSY spectra by the presence of strong cross-peaks between the H1 0 and H2 0 resonances and weak cross-peaks between the H1 0 and H3 0 resonances. All nucleotides of the bound CAUC have their bases in the anticonformation, except for A2, as indicated by a very strong NOE correlation between A2 H8 and its own H1 0 and a weaker NOE correlation between A2 H8 and other protons in the 2D homonuclear NOESY spectrum.
Structure determination for the 9G8 RRM NMR spectra were recorded at 201C on a Bruker DRX 600 MHz spectrometer equipped with a CryoProbe. Data were processed using NMRPipe and NMRDraw (Delaglio et al, 1995) and analyzed using NMRVIEW (Johnson and Blevins, 1994 Secondary structural elements and b-strand topology were determined from a combination of Ha, Ca, Cb and C 0 secondary chemical shift analysis (Wishart and Sykes, 1994) and identification of unambiguous NOE contacts. Structure calculations were performed with the program CYANA 2.1 (Guntert et al, 1997) , using as input data partially manually assigned list of NOESY cross-peaks and additional restraints for 34 hydrogen bounds, and 119 j and c backbone torsion angles derived from TALOS (Table I ). The standard protocol was used with seven cycles of combined automated NOE assignment and structure calculation of 100 conformers in each cycle, out of which the 20 with lowest target function values were retained for analysis. For each conformer, the standards simulated annealing schedule with 10 3 torsion angle dynamics steps was applied, starting from initial structures with random values of the torsion angles. The best 20 structures obtained from CYANA calculations were further refined in AMBER 7.0 using a total of 951 unambiguous interproton distance restraints. A final family of 20 9G8 structures was selected on the basis of low restraint and AMBER energies, and was characterized with PROCHECK-NMR (Laskowski et al, 1993) . Atomic coordinates and NMR restraints of the 9G8 RRM free have been deposited in the Protein Data Bank under the accession code 2HVZ.
Structure determination of the RRM of SRp20 free and in complex with CAUC For intermolecular NOE assignments, a 2D homonuclear NOESY, a 3D filtered [ 1 H, 13 C, 1 H] NOESY (Zwahlen et al, 1997) and a 2D filtered/edited NOESY (Peterson et al, 2004) NMR experiment recorded in D 2 O and a 2D homonuclear NOESY experiment recorded in H 2 O were used. In total, 40 intermolecular NOEs between SRp20 RRM and CAUC could be assigned. Preliminary structure determinations of the free protein and of the protein in complex were performed with the automated NOE assignments module CANDID (Herrmann et al, 2002) in the DYANA program (Guntert et al, 1997 H] NOESY spectra of the protein were automatically picked using the peak picking routine in the Sparky program and subsequently manually inspected. In addition, weak peaks and all NOE peaks in the 2D homonuclear NOESY were picked manually. For the complex, intermolecular protein-RNA NOEs were manually assigned and distance restraints were estimated using the simple isolated spin pair approximation approach (Wuthrich, 1986) . Using this approach, the average intensity of all cross-peaks corresponding to H5-H6 NOEs of pyrimidines was set to 2.4 Å .
All distance restraint lists were used in DYANA to calculate preliminary structures of SRp20, both free and in complex with CAUC. The preliminary structure of the complex helped to identify new intermolecular NOEs. In DYANA calculations, 200 random starting conformers and 30 000 steps of simulated annealing were used. The 50 best structures were selected based on the lowest target function and used for further refinement in AMBER 7.0 (Case et al, 2002) . In all AMBER calculations, AMBER force field (Cornell et al, 1995) and the generalized Born solvation model (Bashford and Case, 2000) , to mimic the shielding effect of the solvent, were used. A 10 ps simulated annealing protocol was used for the calculation following the same protocol as previously described for complexes from the group (Oberstrass et al, 2006) . The simulated annealing protocol was followed by a short energy minimization of 500 cycles. The 19 and 29 conformers with the lowest AMBER energy were selected to form the final ensemble of free SRp20 RRM and that bound to CAUC, respectively. Molecular graphics were generated using MOLMOL (Koradi et al, 1996) . All the intermolecular hydrogen bonds indicated in Figure 3C -E were derived from the structure ensemble. Only one hydrogen bond between C1 N3 and N82 HN was constrained in the last calculation to improve convergence, as it is additionally supported by the large downfield chemical shift of N82 amide observed upon RNA binding ( Figure 2B ). Atomic coordinates and NMR restraints of the GB1-SRp20 RRM free and bound have been deposited in the Protein Data Bank under the accession codes 2I38 and 2I2Y, respectively.
Analysis of SR protein interactions with TAP
The GST-TAP expression vector was described previously (Williams et al, 2005) . p15 was subcloned into pET9a (Novagen) expression vector and coexpressed with GST-TAP in E. coli. GST pull-downs were carried out as described previously in PBS þ 0.1% Tween 20 (Williams et al, 2005) . SR protein domains were expressed in reticulocyte lysates or in 293T cells using PCR-amplified domains subcloned respectively into pET24b (Novagen) or p3X-Flag-myc-CMV-26 (Sigma) plasmids. Quikchange mutagenesis was used to create site-directed mutations. For co-immunoprecipitation experiments, 293T cells were transfected with either Flag control or Flag fusions of SRp20 domains and mutants together with a 13-Myc-TAP expression vector. Three wells of a 24-well plate were used for each condition and cells were lysed in 300 ml of 50 mM Hepes pH 7.5, 150 mM NaCl, 0.5% Triton, 1 mM EDTA, 1 mM DTT, 10% glycerol containing 2 mM PMSF and complete protease inhibitors (Roche). Total extracts were treated with RNase and alkaline phosphatase (CIAP, Roche), subjected to immunoprecipitation using Flagagarose beads (Sigma) and purified proteins were eluted in the presence of 0.25 mg/ml Flag peptide (Sigma). The resulting proteins were resolved on 12% SDS-PAGE and analyzed by Western blotting. The MS2 reporter plasmid was constructed by PCR amplification of tandem MS2 sites from pIII/MS2-2 (SenGupta et al, 1996) on an XhoI fragment and subcloning into the SalI site of pLUCSALRRE (Williams et al, 2005) . A clone (pLUCSALRRE6MS2) that had three copies of the tandem MS2 sites in the same orientation was selected. The MS2 open reading frame was PCR amplified with oligonucleotides, introducing an N-terminal Myc tag and subcloned into the NheI-XbaI sites of pCINEO (Promega) to generate pCINEOMycMS2. TAP, GFP, REF and truncations were PCR amplified and subcloned into the XbaI-NotI sites of pCINEOMycMS2. The SRp20-REFRRM chimera was created by the insertion of annealed oligonucleotides bearing the coding sequence for aa 84-90 of SRp20 with a six glycine hinge into the XbaI site of pCINEOMycMS2-REF RRM. A 100 ng portion of pLUCSALRRE6MS2 was cotransfected into 293T cells with 600 ng of MS2 fusion expression vectors and 50 ng of b-galactosidase expression vector. Transfections were carried out in triplicate and luciferase and b-galactosidase assays were measured in duplicate, 36 h posttransfection. The luciferase activities were averaged and normalized to the b-galactosidase levels, which acted as a transfection control.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
